Abstract--This study assesses the distribution of A1 and Fe in mixed-layer illite/smectites (I/S) in shales undergoing burial diagenetic changes, using evidence from 27A1 NMR, XRD, and chemical analyses. Samples studied include a sequence of mixed-layer I/S (ranging from 40% to 68% illite layers) in shales from a well located in the Caillou Island Oil Field, Terrebonne Parish, Louisiana, as well as synthetic mica-montmorillonite (Syn-1), Silver Hill illite (IMt-1), K-benonite (ISMt-1), an Fe-bearing muscovite, phengitic muscovite, and a randomly interstratified mixed-layer I/S with 50% illite layers. Using a simplified model, where Fe 3+ isomorphously substitutes randomly for felA1 in the dioctahedral 2:1 structure, the 27A1 NMR signal intensities are examined with regard to the paramagnetic deshielding effect of the Fe 3+. The rapid decrease in paramagnetie deshielding with distance allows for a spherical "wipeout" model with a radius of 6/k, over which there is complete effective paramagnetic line broadening (i.e., AI within the sphere is not "seen"). Using the average dimensions of a dioctahedral mica, the expected relative intensities of the octahedral and tetrahedral A1 signal are determined as a function of FezO3 content.
INTRODUCTION
AI is the most common major metal cation that occupies both tetrahedral and octahedral sites in the sheets of natural 2:1 phyllosilieates. The technique of solid-state 27A1 magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy for identifying individual coordination sites is now common practice and has proven to be critically important for yielding accurate information about phyllosilicate crystal-chemistry (e.g., Kirkpatrick, 1988) . Quantitative 27A1 NMR studies of octahedral aluminum (triAl) and tetrahedral aluminum (t4~A1) site populations within layer silicates have been a subject of debate (Goodman and Stucki, 1984; Sanz and Serratosa, 1984) . However, more recent studies by Kinsey et al. (198 5) , Woessner (19 8 9) and Morris et al. (1990) have demonstrated that, given proper experimental considerations, good agreement between NMR measurements oft4JA1 to [6] gl ratios and authigenic illite. The diss/ppt model evolved from the views of Boles and Franks (1979) using chemical mass balance consideration s and Pollastro (1985 ) using SEMbased mophology. Nadeau et al. ( 1984a Nadeau et al. ( -1984c introduced the concept of discrete "fundamental" illite and smectite particles, which allowed the illitization process to be viewed as a crystal nucleation and growth phenomenon. Eberl and Srodofl (1988) , Inoue et al. (1988) , and Lanson and Champion (1991) have since suggested Ostwald ripening as an additional mechanism involved in the diss/ppt of I/S.
Of all the mechanisms proposed for illitization, no single mechanism adequately describes the overall reaction. It is likely that several mechanisms operate simultaneously and that any given reaction pathway will be contingent upon specific geochemical conditions (i.e., time, temperature, initial smectite mineralogy, and associated mineralogy). For hydrothermal illitization, where iflitization occurs on geologically small spatial scales and short temporal scales, there is strong evidence for both the transformation and diss/ ppt mechanisms being involved (Eberl et al., 1987; Inoue et al., 1987; Eberl and Srodofi, 1988; Whitney and Northrop, 1988) . Identifying the appropriate reaction mechanisms involved in illitization during progressive burial in sedimentary basins is more difficult due to the complexity of local reactions involving feldspar diss/ppt (e.g., Milliken, 1989) , organic matter maturation (e.g., Surdam and Crossey, 1987) and external reactions such as importing reactants (Howard, 1987) . Despite these complexities, there remains a utility in using the crystal-chemical state of I/S as an indicator of the diagenetic history that sediments have experienced during progressive burial (Elliot et aL, 1991) . The key for future attempts to employ I/S as an effective indicator (e.g., a geothermometer) lies with the prerequisite of accurate crystal-chemical characterization throughout the stages of the illitization.
The purpose of this paper is to employ the quantitative techniques of 27A1 MAS NMR, X-ray powder diffraction (XRD), and chemical analysis to characterize the changes in the structural chemistry of A1 in diagenetic I/S from a sequence of sediments that have undergone progressive burial. Recent studies by Morris et al. (1990) have recognized an important effect of Fe on the 27A1 MAS NMR quantification reAl and E6~A1 in montmorillonites. Because Fe concentration in I/S is typically seen to decrease with increasing degree of illitization (Hower et al., 1976) , this study also examines the significance of relationships between Fe=O3, [41A1203, I61A1203 and NMR signal intensity in I/S from a diagenetic sequence and other end-member 2:1 phyllosilicates used as references.
27AI MAS NMR quantification
27A1 MAS NMR quantification of structural sites relies on the premise that all the 27A1 spin systems are equally detected and that the intensities are measurable in the final spectral output. Therefore, primary considerations are the factors that can affect the intensity and resolution of the spectra. In addition to the number of A1 nuclei in the sample rotor of the MAS probe, line broadening (LB) mechanisms are the dominant factors that influence spectral quality. More precisely, LB can be attributed to: 1) dipolar interactions, 2) chemical shift anisotropies, 3) quadrupolar effects, and 4) paramagnetic components (Kirkpatrick, 1988) . Finally, in the case where different A1 coordinations are present (as is with the samples studied below), the extent of excitation of the quadrupolar-broadened spectrum may be a problem (Kirkpatrick et al., 1986) . The nature of each is discussed below to provide background and rationalefor the NMR experiments conducted.
MAS alleviates the homogeneous LB problem due to dipolar interactions and chemical shift anisotropy and reduces the quadrupolar LB effect by a factor of about 3 to 4 (Behrens and Schnabel, 1982a) . MAS also introduces the phenomenon of spinning side bands (SSB), which is related to the physical spinning of the sample. As the spinning frequency increases, SSB peaks both migrate in position away from the central peak and decrease in area (Kinsey et al., 1985) . Spinning frequencies now routinely operate in the region of 12 KHz, thus moving SSB _+ 92 ppm ~ (at field strength of 11.74 T) outside the central peak position and well beyond the ~ 65 ppm distance that typically separates L41A1 and [61AI sites in I/S. In contrast to the reciprocal relationship of decreasing SSB peak areas with increasing spin frequency, KJnsey et al. (1985) have also shown that, for many clay minerals, SSB peak areas increase with both increasing amounts of paramagnetic impurities and increasing primary field (Ho). The relationship of increasing SSB intensity with increasing H o has been clearly attributed to the presence of ferromagnetic impurities occurring as segregated domains (Oldfield et al., 1983) .
Debates about the quantitative validity ofZ7A1 MAS NMR center around the fact that 27A1 is a quadrupole nuclide (i.e., it has a nuclear spin (I) of 5/2). The nonzero electric field gradient at the A1 site, expressed as the quadrupole coupling constant (QCC) and a nonspherical distribution of charge around the nucleus (an asymmetry parameter, 7) combine to form a second order quadrupole effect (SOQE) (Behrens and Schnabel 1982b; Ganapathy et al., 1982; Lippmaa et al., 1986) . The degree to which the SOQE modifies the chemical shift peak shapes is dependent on both the near neighbor environment of the A1 and the experimental conditions.
Experimental pulse width effects on 27A1 quantification have recently been addressed by Kirkpatrick et al. (1986) , who used both the theoretical analysis of Fenzke et al. (1984) and their own observations of free induction decay's (rid) from various aluminous glasses.
If only the central + 1/2 transition of a quadrupolar nuclide is excited, then the signal intensity dependence upon the QCC is negligible. This condition is met when the pulse width used for solids is -< 1/6 the solution ~r/2 pulse time. Kirkpatrick et aL (1986) have shown by comparison of the signals per unit mass of A1 in solids with solutions that, under the short-pulse-width conditions, nearly all the 27A1 signal is detectable in solids (with an estimated level of precision and accuracy of about 10%). More recently, Massiot et a/. (1990) , Alemany et al. (1991) , and Taulelle et al. (1992) have presented a more formal protocol that allows for acCurate quantification of noninteger quadrupole site populations, particularly for mineral phases bearing A1 sites with drastically different QCCs and ~/s. For reasons described below, this later protocol was not followed.
The magnitude of the SOQE can be assessed by examining the same sample at two different H o values, because it is the only LB factor that decreases with increasing Ho. As shown by Samoson (1985) , the true chemical shift of a particular quantum transition is obscured by the complex electric field gradient interactions; however, the observed center of gravity for that same transition is modified by the field dependent quadrupole shift. The magnitude of the SOQE can be, therefore, assessed by use of an expression derived by Lippmaa et al. (1980) , which uses the differences in the centers ofgravitiy of27A1 MAS NMR peaks at different field strengths.
Using this approach, Jakobsen et al. (1988) , Woessner (1989) , and Lindgreen et al. (1991) have assessed the QCC in a variety ofsmectitic and illitic clays. These studies found that the QCC ranges from 2 to 3 MHz for both I41A1 and [6IA1 sites, with a tendency for slightly higher values in the f4JAl site. These values are large enough to modify spectra; however, they are small when compared with other aluminosilicates (Ghose and Tsang, 1973; Lippmaa et al., 1986) . The magnitude and small range in QCC for both sites suggests peak shapes will exhibit equivalent responses, thereby assuring reasonable accuracy in site population quantification. For this reason, the protocol of Massiot et al., (1990) was not employed.
A final aspect of 27Al quantification regards the effect of paramagnetic LB due to the presence of Fe in the octahedral site. In a study of Fe-bearing clays, Morris et al. (1990) observed no clear relationship between LB and Fe 3+ content, an observation also noted by Woessner (1989) . However, Morris et al. (1990) did observe a relationship of greater signal loss with increasing Fe 3+ content. The mechanism of homogeneous paramagnetic LB can cause substantial signal loss and, therefore, the possibility exists of A1 sites not being detected. The presence of a signal will, therefore, depend upon the distance between Fe 3+ and A1. If there is a nonuniform distribution of F& +, then the paramagnetic LB effect will be minimized. Illitic clays contain more tetrahedral A1 than montmorillonites; thus, the relationship between Fe 3 * content and NMR signal intensity requires investigation of both f4JA1 and r63A1 sites.
MATERIALS AND METHODS
Mineral specimens used in this study have been characterized in detail using XRD, electron microprobe, and far-infrared (IR) analyses (Schroeder, 1990 (Schroeder, , 1992a . Natural mixed-layer I/S from a well located in Caillou Island Oil Field, Terrebonne Parish, Louisiana, was studied as representative of materials from a burial diagenetic environment. The samples used were drill cuttings selected from Miocene shale intervals and were collected over the depth range of 1220 m to 5764 m. The reference minerals include the C.M.S. Repository reference materials Syn-1 (synthetic mica-montmorillonite), IMt-1 (Silver Hill illite), ISMt-1 (Mancos Shale), an Fe-bearing muscovite (East Morris, Connecticut), phengitic muscovite (Zacapa, Guatemala, American Museum of Natural History MVJ84-52-1), and a randomly ordered mixed layer I/S with 50% illite layers (I/S, I = 50, R = 0, Cameron, Arizona). All clay samples were pretreated for removal of labile organics, carbonates, and both iron oxide and hydroxide coatings (Schroeder, 1992a) . Samples were then sized to the <0.2 ~m fraction. XRD analysis of the I/S in the shales indicates a range in ordering of I/S layer types from R = 0 to R = 0.5 and a range of 40% to 68% 10/k (illitetype) layers in the mixed-layer structure.
All samples were analyzed by MAS NMR at 7.05 T (78.39 MHz) using a home built spectrometer housed at the Yale Department of Chemistry. The spectrometer was equipped with a Doty Scientific 5 mm highspeed spinning probe (10-12 KHz), using a Si3N 4 rotor capable of holding approximately 100 mg of sample. Pulse programing and data acquisition were performed using a TECMAG/MacNMR interface, controlled by a Macintosh II computer. Realizing that there was the potential for the octahedral and tetrahedral A1 sites to have different selectivities, experiments were conducted using variable input voltages and pulse lengths. In this way, nutation differences (i.e., the apparent ~r/2 times) between the two sites could be assessed. Spectra were collected using a two-phase cycle pulse sequence. Based on the nutation studies, experimental parameters were optimized for quantification of both Al sites and included an input power of 0.55 V (peak-to-peak), a recycle delay of 2 s and a pulse length of 2 #s (1/6 of a solution ~r/2 pulse). Each sample was scanned 200 times into a fid of 1024 data points and zero-filled to 2048 data points. Each rid was left-shifted one data point (20 ~ts) to eliminate the effect of pulse break through and then multiplied by 150 Hz or LB before being Fourier-transformed. The particular MAS probe used in this study contained a significant background resulting from AI in the variable tuning capacitors.
Each sample spectrum had this background (collected from a blank experiment under the exact same conditions) subtracted after processing of the signal. Peak areas (including sideband contributions) were determined by cutting and weighing using a linear background fit. Intensity measurements were normalized by the sample weight in the rotor for each experiment. Left-shifting of the data unfortunately compromises quantitative accuracy because of the difficulties in phasing of the spinning side bands. The error in accuracy I41AI and I61A1 site quantification may be as much as 10%. Repeated measurement of the same sample yielded an intrumental precision that average about -+ 5% of the aluminum oxide values reported for each site type.
Five selected I/S samples were analyzed at 11.74 T (130.24 MHz) using a Fourier-transform NMR spectrometer housed at the University of Illinois at Urbana. The spectrometer was equipped with a Doty Scientific 5 mm high-speed spinning probe and Nicolet 1280 data system (R. J. Kirkpatrick, personal communication).
S " pectra were collected using a Bloch decay experiment, with a recycle delay of 600 ms and a pulse length of 1.4 #s (1/6 of a solution ~r/2 pulse). Each sample was scanned 1000 times into a rid of 2048 data points, zerofilled to 4096 data points, and multiplied by 100 Hz of LB before being Fourier-transformed into the final output. Peak areas were determined with the same procedure used at 7.05 T.
Quantitfication of I/S chemistry
The very fine grained nature of detrital and diagenetic clays common in most shales makes their separation via centrifugation or magnetic methods impossible (Tellier et aL, 1988) . Consequently, quantitative clay mineralogy of the <0.2 #m fraction is required. The procedure for quantitative phase analysis utilizes full pattern XRD and calculated mineral intensity factors (Schroeder, 1992a) . Accuracy of the XRD estimates of mineral weight percentages is about + 10% of the values reported. Precision is about _+ 3%.
In order to acertain the chemistry of the I/S phase in the fine fraction the following general mixing equation was used,
where MexOy TOTAL is the total weight fraction of an oxide (e.g., A1203) in the mixture and W equals the weight fractions of the phases illite (I), illite/smectite (I/S), and kaolinite (K). The data used for this study can be found in Tables 1 and 2 of Schroeder (1992a) .
The stoichiometry of the discrete kaolinite and illite could not he independently measured; therefore, the following assumptions were made. Oxide weight fractions for kaolinite were reasonably assumed to be: A1203~ = 0.3749, SiO2K = 0.4640, Fe203K = 0.0009, and 0.0000 for all other oxides (Giese, 1988) . The assumed values for discrete illite are more tenuous because of the broad range of isomorphous substitution seen in illites (see e.g., Newman and Brown, 1987, Table 1.22) . The stoichiometry of illite for input into Eq. (1) was assessed with two different approaches. First, an average of published values for end-member illites was used (Newman and Brown, 1987) . Secondly, values were derived by extrapolating to the 1.0 weight fraction intercept in plots of weight fraction illite vs.
weight fraction oxide using samples from this study. Surprisingly, both approaches gave about the same values. Final oxide weight fractions used for discrete illite were: AlxO3, = 0.2053, SiO21 = 0.5739, Fe2031 = 0.0894, K201 = 0.0800, Na2Oi = 0.0000, and MgOl = 0.0464.
Results from the 27A1 NMR peak area measurements allowed for further quantification of tetrahedral and octahedral site occupancies in the samples. The distribution of A1 in the I/S portion of the sample was obtained with the following relationships. Given the total AI203 content of the mixture:
and the ratio of t41A1 to t4JA1 + t61Al: 
Assumed weight fractions of A1203 distributed into tetrahedral and octahedral sites for illite (I) and kaolinite (K) phases were A14 = 0.198, A16 = 0.812, and AI 6 = 1.000, respectively.
METHODOLOGY
The principal goal of this work is to use the quantitative capability of 27A1 MAS NMR in conjunction Figure 1 . 27A1 NMR spectra of reference materials at 7.05 T: a) Syn-1 (synthetic mica-montmorillonite); b) phengitic muscovite; c) ISMt-1, K-bentonite, Mancos shale (I = 65%, R ~ 0); d) IMt-1 (illite, Silver Hill, Mont.); e) Fe-bearing muscovite (East Morris, Connecticut; and f) mixed-layer l/S, Cameron, Arizona, Yale Peabody Museum #002M-DS1 (I = 50%, R = 0). All spectra were collected and processed using identical experimental conditions (see text). The vertical scaling factor, relative to Syn-1, is noted to the right of each spectrum. OCT and TET denote central transition peak for octahedral and tetrahedral sites, respectively. Asterisks (*) denote octahedral spinning side bands.
Iron effects on 2ZA1 intensity measurements
27A1 NMR spectra for the reference K-micas and illitic clays at 7.1 T are shown in Figure 1 . Spectra have been arranged by relative signal-to-noise, each scaled with respect to Syn-1. As discussed previously, given the proper and constant experimental conditions, the integrated intensity is a function of the number of A1 nuclei present in the rotor and LB mechanisms that can attenuate the signal. relationship between AI signal strength and Fe203 content imply about the ordering of Fe 3+ in the octahedral sheet? To assess the Fe 3+ effect on the NMR signal, total integrated NMR intensity (normalized by A1203 content of the sample) is plotted vs. F%O3 in Figure 4 . A trend of about a 10% signal loss for each 1% increase in Fe203 is seen. Complete signal loss occurs at about 11% Fe203. For comparative purposes, the NMR intensity measurements at 9.40 T by Morris et al. (1990) have been rescaled through normalization to the sample Syn-1, a specimen examined in both studies. It is not clear if the intensities reported by Morris et al. (1990) were normalized per mg of sample or if the exact same sample weight was used in all experiments; surprisingly, however, when the A12Oa-normalized intensities are plotted vs. Fe203 content (Figure 4) , they corroborate the relationship of about a 10% signal loss with each 1% increase in Fe203. This agreement of results suggests that the LB signal loss effect, due to paramagnetic Fe 3+ substitution for [6]A1, is similar in both montmorillonitic and illitic clays.
The relationship between Fe 3+ content and total A1 NMR signal intensity provides further insight into the ordering of Fe 3+ in illitic clays. The following analysis assumes a simplified model, where Fe 3+ isomorphously substitutes, on a regular ordered basis, for [rIAl. The paramagnetic deshielding effect due to unpaired electrons in a neighboring atom is proportional to 1/r 3, where r is the expected distance of an electron from the nucleus (Kirkpatrick, 1988) . Because of this rapid decrease with distance, it is reasonable to assume a spherically modelled system, over which there is a radius of complete effective paramagnetic LB. centers in 2:1 clay structures, a distance of about 6 is the average maximum distance for complete paramagnetic LB loss of the A1 signal. Further assuming that the Al=O3-normalized NMR intensities of the lowest Fe content samples have the maximum measurable intensities (i.e., all the A1 is "seen") and the Fe is evenly distributed, then the amount of signal loss is determined by the abundance of Fe relative to the number of A1 atoms in octahedral and tetrahedral sites that lie within the wipeout sphere. Figure 5 depicts an idealized dioctahedral 2:1 structure that can be used as a visual aid to assess interatomic distances from an Fe 3+ centered site to nearby tetrahedral and octahedral sites. Using lattice parameters typical of a dioctahedral mica (a = 5.2 A, b = 9.0 ~k, c = 10.0 ~) in an octahedral plane, there are a total of twelve neighboring dioctahedral sites within a 6 • radius of metal centered site: Three nearest neighbors (NN) occur at a distance of about 3.0 ~,, and nine second-NN sites at a distance of about 5.3 ~. The expected relative intensity of an t6]A1 signal under this condition is, therefore, related to the total number of dioctahedral sites within the sphere (n[6l) and the probability that those octahedral sites are not occupied by Fe 3+. Using a mean field approximation, this relative intensity (Itr~u) can be expressed as: In this example, where nt6 J = 13 (including the centered site) and Xv~ = the fraction of dioctahedral sites occupied by Fe 3+, the point of signal loss occurs quite rapidly as shown in Figure 6 .
A t the same time, a total o f sixteen tetrahedral sites occur within a 6 A radius o f a dioctahedral metal centered site; four N N tetrahedral sites at about a distance o f 3.3 A; four s e c o n d -N N and eight t h i r d -N N at distances o f about 4.4 ~ and 5.5 A, respectively. In this case, the n u m b e r o f detectable t4~A1 atoms is additionally d e p e n d e n t on the f r a c t i o n o f taJA1 substituted into t41Si sites. For example, in muscovite, there is one t4JA1 substitution per half unit cell and nearly a regular ordering o f t4JA1 (Herrero, 19 8 5; Herrero et al., 1985a; Herrero et al., 1985b; Herrero et al., 1987) . U n d e r these idealized conditions, the expected relative intensity o f an talA1 signal is then related to Xvr the total n u m b e r o f tetrahedral sites (nt41) and the a m o u n t o f t4~A1 substitution for t41Si. Again, using a m e a n field approximation, this realtive intensity (It41Ai) can be expressed as:
1 \t4JA1 + t4~Si/ In this example, where nt4 ~ = 16, signal loss also occurs quite rapidly and is shown in Figure 7 .
Figures 6 and 7 contain the normalized observed intensities for the octahedral and tetrahedral sites, respectively. The phengitic muscovite and Syn-1, containing the lowest a m o u n t o f Fe 3+ , exhibit the most intense signal per unit weight o f A120 3. In other words, all the A1 is " s e e n " by an N M R experiment. The lines plotted on Figure 6 and 7 are the expected relative intensities of t61A1 and t41A1 signals, given by Eqs. (6) Figure 7. Normalized observed intensities of tetrahedral peaks vs. fraction of Fe occupying dioctahedral sites (Xw). The line on the plot represents expected HA1 intensities, assuming an idealized random distribution of Fe 3+ in dioctahedral sites and a 6 A sphere of effective paramagnetic LB that includes 16 neighboring tetrahedral sites. The probabilities of~4~Al detection due to occupancy of the t4JSi site would fall below the curve. See Figures 1 and 4 for sample identifications. and (7) using the idealized conditions. The observed values for the relatively low Fe-bearing true micas reasonably fall in the same region as lines predicting regular ordering of Fe and A1. The illitic specimens clearly fall into the region where the a m o u n t of A1 seen is in excess for the given a m o u n t o f Fe. This is evidence for the distribution o f Fe into segregated domains. The fact that 27A1 signals are still observable in higher Fe content samples indicates that either the 6 A value cited by Morris et al. (1990) is too large or that there is a n o n u n i f o r m distribution o f Fe 3+ within the structures. N o independent tests have been conducted to determine whether the Fe 3 + resides entirely in the octahedral sheet or if other Fe-bearing c o m p o u n d s remain as residual impurities. All samples were pretreated for the removal o f Fe-oxide and hydroxide coatings. Therefore, for the purpose o f this study, it is assumed that Fe impurity effects have been minimized.
The issue remains as to whether or not the Fe 3+ signal loss affects the taJAl and t61A1 sites equally. Trends in signal loss per fraction o f Fe for both f"~A1 and I6IA1 sites are roughly equivalent. These results indicate that for the samples studied, paramagnetic LB from the presence o f Fe 3+ acts equally on both t*lA1 and t6JA1 sites, although the data quality limits this conclusion.
R E S U L T S S O Q E o f I / S in G u l f Coast shales
27A1 N M R spectra for selected G u l f Coast shale intervals at field strengths of 7.05 T and 11.74 T are shown in Figures 8 and 9 , respectively. The low field spectra appear noisier than the high field spectra, primarily because fewer scans were collected (200 vs. 1000) and because the 7.05 T background subtraction process has amplified background noise by a factor of two. The high spinning speeds have virtually eliminated the peak overlap problem at both fields. The observed tetrahedral and octahedral peak maxima (60) at the two field strengths are reported in Table 1 , with an experimental error of_+ 1 ppm. The peak shapes are very similar to those of other natural illitic clays (Jakobsen et aL, 1988; Woessner, 1989; Lindgreen et al., 1991) , showing a generally Gaussian line shape. The low field spectra exhibit an asymmetry to the low energy side of ~p. As discussed previously, Woessner (1989) and Lindgreen et al. (1991) , using the technique of Samoson (1985) and Lippmaa et al. (1986) , have demonstrated QCC values range from 2 to 3 MHz for [41Al and I61AI sites in illitic clays. Theoretically, the ratio of line widths at the field strengths of 7.1 and 11.4 T, in Hz, is 1.7 (using Eqs.
(2) and (3) from Lippmaa et al., 1986) . The observed line width ratios in this study average about 2.2 and 2.4 in ppm or 1.3 and 1.4 in Hz for the [41ml and t61A1 sites, respectively (Table 1 ). The observed line width ratios, therefore, indicate that the primary cause of LB can be attributed to the SOQE.
Spectra at both field strengths show a small increase in LB with increasing degree of illitization for both A1 sites, an exception being the deepest low field t4lal peak (Table 1) . These trends, although slight, indicate that the average local environment of both A1 sites is changing with depth as a result of some LB factor. Recalling that the SOQE is the only field dependent LB factor and ratioing of the line widths at two field strengths should "flush" all other LB trends. From Table 1 , it can be seen that the ratio of the t6JA1 line widths exhibit a small but perceptible decrease with increasing depth. This trend, although subtle, suggests that LB from the SOQE decreases very slightly with depth and that the overall trend of increasing LB must be attributed to some other LB effect.
A possible candidate for the cause of increased LB with depth could be paramagnetic effects. The trend of decreasing Fe203 content in the I/S with the increasing degree of illitization (Table 2) appears to contradict this proposition of an increased paramagnetic LB effect with depth. However, as the sediments experience higher temperatures and longer burial history, it may lor, 1980) . These forms are inclined to be more resistant to the citrate-dithionate-bicarbonate treatment for removal of the Fe-phases. The presence of the antiferromagnetic oxide, hematite, has been shown to produce little effect on side band intensity of 27A1 MAS NMR spectra. However, the addition of ferromagnetic oxides (magnetite) causes strong LB in many natural Al-bearing minerals (Oldfield et aL, 1983) . If there is an increase in the amount of ferromagnetic compounds associated with the < 0.2 #m fraction as a consequence of increased burial history, then this may account for the LB trend observed. A measurement of each sample's bulk magnetic susceptibility would support this idea; unfortunately, this assessment was not available at the time of this study.
An alternate explanation to the increased LB with degree of illitization could be an increase in the paramagnetic LB effectiveness of the Fe. Although there is a clear trend of decreasing Fe content with depth, the Ire that remains associated with the illite structure may cause greater LB than the Fe that is in the smectite sites.
DISCUSSION

Chemical and mineralogical trends in Gulf Coast shales
Having investigated the importance of Fe and the SOQE as potential LB factors that can affect the integrated areas of 27A1 NMR spectra, it is now possible to regard the estimates of t41Al/141A1 + t61A1 ratios as reasonably precise. Measurement of integrated peak areas, using high spinning speeds (<9 KHz) at two different fields, provides equivalent estimates of site populations. The quantitative NMR results of this study are, therefore, in agreement with those of Kinsey et al. (1985) , Woessner (1989) , Morris et aL (1990) and Lindgreen et aL (1991) . Chemical analysis of the I/S portion of the <0.2 #m fraction adjusted by use of Eqs. (1), (4), and (5) are presented in Table 2 . Variations in the major chemical components of the I/S phase with depth show trends similar to those observed in other Gulf Coast shales of the same age (Hower et aL, 1976) . However, for the first time, a quantitative assessment of the A1 site distribution within Gulf Coast I/S is presented. Clear trends of decreasing SIO2, Fe203 and MgO content with depth are seen accompanying an increase in K20 with depth. ~41A1203 exhibits a positive increase with depth, while t6JA1203 shows essentially no change at all. These results must first be considered in light of the mineralogical and crystallographic changes that also occur with depth. Figure 10 illustrates the relative quantitative mineralogy of the <0.2 um fraction of the shales using the data of Schroeder (1992a) . The kaolinite content remains relatively unchanged, which should be noted with regard to the observations of Hower etaL, (1976) , who show a decrease in kaolinite with depth in the 0.1-0.5 um fraction. The weight fractions of discrete illite and I/S have a reciprocal relationship with depth (i.e., the ratio of discrete illite to I/S increases with depth). Until this point, it has been assumed, that the initial input of mineralogy of the shales over the range of this study has been relatively uniform. Unfortunately, it is very difficult to track the non-steady state input of the detrital kaolinite and illite, and it is possible that the small variations observed are due to non-steady state Estimates of precision error average about + 3% of the reported value for each oxide, except Na20, which averaged about _+ 10%. effects. The question remains as to whether the small increase in discrete illite is a result of non-steady state input of detrital illite or the addition of newly precipitated illite. An increase in discrete illite content with depth due to the formation of neoformed illite adds uncertainty to the assumption of constant discrete illite composition. If the composition of detrital discrete illite is different from that of authigenic discrete illite, then the apportionment of chemical components in Table 2 would change. For example, ifauthigenic discrete illite was forming with a more triAl-rich, and Fe,Mg-poor composition, then the [61A1203 trend in the I/S phase should decrease with depth. Given the 27A1 N M R constrained chemical data alone, it is not possible to make the distinction between detrital and authigenic discrete illite. Regardless of the assumption about the composition of the discrete illites, it is apparent that major redistributions of structural components are occurring.
Using the general trends in Table 2 , the relative gains and losses of the I/S fraction are shown in Table 3 . Charge balance considerations of all the cations shown in Table 3 reveal a net negative charge imbalance (i.e., more positive charge lost than gained). Boles and Franks (1979) have shown considerable amounts of hydroxyl and oxygen ion must be released to balance the elementary illitization reaction (Reaction 2 of Boles and Franks) . The overall illitization reaction likely involves several phases including feldspars, quartz, organic matter, kaolinite, and chlorite. It is beyond the scope of this paper to address the nature of the overall reaction; however, the evaluation of atomic gains and losses from the I/S phase does serve to evaluate I/S crystalchemistry. The change in weight percent for SiO2 and I41A1203 ( --4 . 0 and +3.0, respectively) translates to a relative change of about one Si atom for each t4~AI atom. Perplexing is the fact that only half the number of K atoms are gained for the charge imbalance created by Si gain and A1 loss, particularly in light of new evidence for the formation of a high-charge illite type layer (Ko.89All.85Feo.osMgo.10Si3.2oAlo.8oOlo (OH)2) during burial diagenesis (Schroeder, 1992b; Srodofi et al., 1992) .
C O N C L U S I O N S
Quantitative investigation of Miocene Gulf Coast shales and reference clays using 27A1 NMR, X R D , and electron microprobe analysis has provided new constraints for the redistribution of major elemental components and crystallographic changes in I/S phases during burial diagenesis. Based upon atomic gains and losses of the I/S phase, it is apparent that major redistributions of structural components are occurring. However, even given additional quantitative N M R constraints on chemical data, it is not possible to make the distinction between detrital and authigenic discrete illite in the <0.2 #m fraction. This later issue continues to keep the true crystal-chemical nature of diagenetic I/S elusive.
The following additional key points have been addressed in this study:
1) The presence of isomorphous Fe 3+, substituted for octahedral ml 3+ in reference micas and clays, results in about a 10% loss of 27A1 N M R signal for each 1% increase in Fe203 content.
2) A comparison of observed and theoretical relationships between 27A1 N M R signal intensity and the fraction of dioctahedral Fe 3+ sites occupied in a range of K-interlayered 2:1 phyllosilicates suggests that octahedral Fe and A1 exists in segregated domains in mixed-layer illite/smectites.
3) Most of the line broadening seen in both t41A1 and t6JA1 peaks of I/S from Gulf Coast shales can be attributed to SOQE. The SOQE for the t61Al site in the I/S fraction of shales decreases very slightly with in-creasing depth and percent of illite in the I/S, though not enough to effect site quantification. This trend indicates that the electric field gradients about ~6~AI sites of the deeper samples are somewhat less distorted than the shallower samples. This is consistent with the establishment of regular ordering I/S layers and greater symmetry of the t61A1 environment within the crystal structure.
4) Quantitative apportionment of cations into the I/S phase of samples from the Gulf Coast diagenetic environment show directly a trend of increasing number of tarA1 sites and no change in the number of trIAl sites with increasing percent of illite in I/S. Stoichiometry indicates an approximate 1:1 substitution of tetrahedral AI for Si over the 40-68% range ofillite in I/S examined. 5) A slight increase in the amount of discrete illite and decrease in I/S is seen with depth. Distinguishing between non-steady state input ofdetrital illite and the formation of authigenic illite cannot be accomplished by NMR, XRD, and chemical analyses alone. If there are significant compositional differences between these two potential types of discrete illite phases, then the approach for isolation of I/S chemistry must be assessed with caution.
